The geometries and electronic properties of divacancies with two kinds of structures were investigated by the first-principles (U) B3LYP/STO-3G and self-consistent-charge density-functional tight-binding (SCC-DFTB) method. Different from the reported understanding of these properties of divacancy in graphene and carbon nanotubes, it was found that the ground state of the divacancy with 585 configurations is closed shell singlet state and much more stable than the 555777 configurations in the smaller graphene flakes, which is preferred to triplet state. But when the sizes of the graphene become larger, the 555777 defects will be more stable. In addition, the spin density properties of the both configurations are studied in this paper.
Introduction
Graphene, a single carbon plane arranged on a honeycomb lattice, has attracted immense investigation since its discovery in 2004 [1] . Lattice imperfections are introduced into graphene unavoidably during graphene growth or when irradiating a graphene sheet using high-energy particles [2] [3] [4] [5] . These structural defects are known to significantly affect electronic and chemical properties [6, 7] . In particular, the presence of defects can dramatically change the charge transport and magnetic properties of graphene due to disorder and localization effects, which are of important for their applications in molecular electronics. A comprehensive understanding of graphene defects is thus of critical importance.
Divacancy defect in graphene can be obtained either by the coalescence of two monovacancies or by removing two neighboring atoms. Although monovacancies had been widely studied [8] [9] [10] [11] [12] , the divacancy as well as more larger vacancies could be frequently created in a physical or chemical treatment of graphene. For example, transmission electron microscopy experiments indicated that multivacancies, rather than monovacancies, more easily occur under moderate irradiation conditions [13] . Theoretical calculations at different levels of theory also point out that formation energies of divacancies in carbon nanotubes and graphene are much lower than monovacancy formation energies [14] [15] [16] [17] [18] .
Typically, no dangling bond is present in a fully reconstructed divacancy so that two pentagons and one octagon (585 defects) appear, but the 585 defects are not the only possible way for a graphene lattice to accommodate two missing atoms [19] . Lee et al. found that the rotation of one of the bonds in the octagon of the 585 defects transforms the defect into an arrangement of three pentagons and three heptagons (555777 defects) [16, 20] , which is also observed by the experiment study [21] . Even though high-resolution transmission electron microprobe methods enable an in situ measurement on the stability and migration of divacancy at atomic scale, the microscopic identification of the defects can not be an insight into the electronic properties of the defected graphene. In addition, as the edge (zigzag or armchair) plays a key role in the electronic and magnetic properties of graphene, as far as we know, there is still no report on investigating the influence on the electronic state of divacancy in graphene by edge effect.
In this work, the geometries and electronic states of two preferable types of divacancy defects in finite-size hexagonal graphene flakes (HGFs) were calculated by selfconsistent-charge density-functional tight-binding (SCC-DFTB) method for the first time, which are three pentagons and three heptagons composed (555777) divacancy defect structure and two pentagons side with octagon composed (585) structures, respectively. The formation energy, electronic state, and spin density distribution of different isomers were compared, and the edge effects on the properties of these different type divacancies were also studied.
Methodology and Model Structures
To calculate the geometries and electronic states of divacancy in graphene, we employed the computationally more economic self-consistent-charge density-functional tightbinding (SCC-DFTB) method in addition to first-principles (U) B3LYP/STO-3G level of theory to do the geometry optimization and the different spin states calculations. The SCC-DFTB calculations were carried out with DFTB+, a program package developed by Aradi, Hourahine, and Frauenheim, implementing the original DFTB algorithms using sparsematrix techniques [22] [23] [24] [25] [26] . The electronic temperature e for the open shell state calculation was chosen to be 1000 K, and the spin-polarized version of DFTB was employed for the high spin state calculation. For numerical vibrational frequencies calculation, we used GAUSSIAN 03 package with "external" keyword, calling SCC-DFTB e = 1000 K external = "SCCDFTB" [27] .
In this work, two series of typical divacancy defects in different sizes of zigzag-and armchair-edges hexagonal graphene flakes were investigated ( Figure 1 ). One structure is three pentagons and three heptagons composed structures (555777) divacancy defect (highlighted by black color in Figure 1 (a)), and the other type is two pentagons' side with an octagon composed (585) configuration (highlighted by black color in Figure 1(b) ). There are different sizes of the flakes with divacancy for the same defect structure: from Z1 to Z12 for zigzag HGFs and from A1 to A6 for armchair HGFs (the nomination was shown in Figure 1 ). In addition, the small examples of the two defects are shown in Figures 1(b) and 1(c); we call these two types defects 585 and 555777, respectively. All these structures are minima, which have performed numerical vibrational frequencies calculation.
Results and Discussion

The Electronic State Properties of the Different Divacancy
Isomers. In order to study the electronic characteristic of the divacancy defects, the energy differences between the different electronic states have been calculated on the two types of defects using both B3LYP/STO-3G and DFTB method and the results are shown in Figure 2 . Figure 2 (a) shows the energy differences of the same isomers with the different edge shape using B3LYP method, and Figure 2 (b) shows the results using DFTB method; because the B3LYP is a very expensive calculation method for big size system, we only performed the finite-sized graphene flake. Both results of the energy differences with the two methods can be derived that DFTB method produced the same tendency of the energy differences with B3LYP method, and it is reliable and efficient in the really large carbon system.
Based on the comprehensive results of DFTB calculation in Figure 2 , all the Δ values (Δ = triplet − singlet ) of 555777 defects are negative except for Z1 in zigzag-edge graphene flakes and all the values of 585 defects are positive except for Z11 and Z12. It stands for the notion that for the 555777 structures the ground states are more preferably triplet, while the 585 structures are preferred to be closed shell singlet within the zigzag HGFs. But for the divacancy in armchair HGFs, the energy difference curve is more flat, especially for the 555777 defects, the energies of singlet and triplet structures are very close to each other, all the ground states of 585 structures are closed shell states, and the 555777 defects are triplet states.
The Stability of 55577 and 585
Divacancies. The stability of the two different configurations of the divacancies in the same size and edge graphene also has been calculated with both DFT and DFTB methods. The results are shown in Figure 3 . From the figure, it is easy to see that, for the medium sizes HGFs, the divacancy energy differences of the two levels of theories are very similar, which also proved that the DFTB is reliable for such system.
In addition, when the Δ values, the energy differences between ground state energies of 585 defects (singlet state) and 555777 defects (triplet state), are positive, it means the 555777 is more stable, while when the value is negative, it means the 585 structures are more stable. From Figure 3 , one can conclude that the stability has a very close relationship with both the HGFs edge shape and the defect structure. In armchair-edge HGFs, when the flakes size is smaller than A5 (A5 means the structure with a 18.5Å distance between the centers and the hexagon corner), the Δ values are negative, and the 585 structure defects will be more stable than 555777 defects. That is to say, from A5 to bigger HGFs, the openshelled triplet 555777 divacancy defects changed to be more stable. But for zigzag-edge HGFs, this stability changed from Z8 (Z8 means the structure with a 21.0Å distance between the center and the hexagon corner), and from that structure, the 585 divacancies changed to be more stable than 555777 structures. So the stability of these two popular divacancies are highly depended on the structures themselves and also determined by the HGFs edges.
The Formation Energies of the Two Divacancy Isomers.
In the former theoretical studies of the divacancy on graphene, it is reported that the 585 defects are less stable than 555777 defects about 0.8 eV in graphene [16, 17] . But in the nanotubes, it had been predicted that the formation energies for divacancies in armchair nanotubes are higher than in zigzag nanotubes. In addition, for the 585 divacancies in CNTs, the formation energies of divacancies strongly depend on the orientation of the divacancy with respect to the tube axis [27] . Lee confirmed that the 555-777 defect is energetically much more stable in graphene [16] . In order to clarify the controversy result on this issue, here, we performed DFTB calculation on the formation energy of divacancy in HGFs with different size and edge of graphene.
The formation energy was calculated based on the following formula:
where the symbol Z stands for the divacancy defects shown in Figure 1 , Z +2 stands for the HGFs without defects, and Z represents the zigzag-edged graphene flakes. The armchair divacancy defects are calculated in the same way. The results of our calculations are shown in Figure 4 . The divacancy formation energies of the two isomers (555777 and 585) in the same HGFs are increasing along with the HGFs size increase. For the zigzag-edge graphene flakes, the formation energy of the 555777 defects are higher than 585 defects in the size rang from Z1 to Z7, wherein, when the size of HGFs is equal to or bigger than Z8, the formation energy of 585 become more higher, which have the same tendency with the energy differences between these two isomers in the same flakes as shown in Figure 2 . For the armchair-edge HGFs, the result of our calculation also shows the similar tendency on the formation energy of the two isomers, but, in this case, the turning point is A5, the formation energy of 555777 is higher than that of 585 when the size is smaller than A5 and then becomes lower when the size of armchair-edge graphene is the same or higher. Therefore, we obtained a general rule on the formation energy of graphene flakes, and we found that the absolute value of the formation energy has the same tendency with the energy differences between the two isomers in the same flakes, and the stability of the defective flakes is highly dependent on the size of the graphene flakes and the defect structures.
Spin Density Distribution of the Open-Shelled 555777
Defects. According to the analysis results above, the ground states of the two divacancy defects are totally different. The most stable electronic state of the 585 divacancies is close shell singlet without any unpaired electron, but for the 555777 structures, the energetically stable state is open shell triplet state, which has two unpaired electrons. The two unpaired electrons are evenly localized on three carbons that are directly connected to the center carbon atom and have been shared by both the pentagon and the heptagon. Some middle size zigzag and armchair 555777 divacancy graphene defects of the spin density plots are shown in Figure 5 . It is clear that the location of the unpaired electrons is within the isovalue = ±0.01. The electrons locations are all the same in the two different edge HGFs and have no relationship with the size or the edge of the graphene flakes. From this calculation, we first found that the spin density of the 555777 divacancy only depends on the vacancy itself. The radical property carbon has more relativities indicating that it is very important to understand the process of the divacancy defect absorption or self-healing reaction.
Conclusions
In conclusion, we have investigated the geometries and electronic properties of divacancies with two kinds of structures in the different edged hexagonal graphene flakes by the firstprinciples (U) B3LYP/STO-3G and self-consistent-charge density-functional tight-binding (SCC-DFTB) method. The DFTB reproduced the B3LYP results correspondingly and gave very good results even in the large system, which proved that it is reliable and efficient method in the really large carbon system. It is found that the ground state of the divacancy with 585 configuration is closed shell singlet state and much more stable than the 555777 configurations in the certain small size range, which is preferred to triplet state. More importantly, different from the reported understanding of these properties of divacancy in graphene, we found that the stability of these two kinds of divacancies is highly dependent on the structures themselves and also depends on the HGFs edges characters. Through the investigation of the different states energy comparison and formation energy, we found that the stability of the two divacancies is influenced not only by the size of the graphene flakes but also by the edge type of graphene. In addition, we also calculated the spin density of 555777 and found that the spin density distribution of the 555777 divacancy only depends on the vacancy itself. 
